
In an IC vehicle, due to the combustion process, power is 
produced. Only one third is converted to mechanical work 
used to move the vehicle while the rest is converted to heat 
[1]. Half of this leaves the engine through exhaust gases and 
the rest builds up in the engine block, thus raising the 
temperature of the engine. These high temperatures are 
transferred through cylinder wall liners to oil until it reaches 
the right viscosity, and the lubrication is done properly. Over 
this point the extra heat will bring damage to the engine’s 
components. At such high temperatures the metal components 
will expand, friction will occur, lubricating oil will rapidly 
evaporate leading to sticking pistons and eventually damage 
[2]. To prevent such unwanted effects produced by the extra 
heat produced in combustion, the cooling system can cool the 
engine by transferring the thermal energy to the surrounding 
air passing through a radiator. Even if some of the total energy 
of the fuel is lost to the cooling system, this is necessary for 
each component to perform well over time, increasing the 
reliability and efficiency of the system. 

A classical cooling system is usually composed of a water 
pump, radiator, thermostat, electrical fan, coolant reservoir 
and hoses. The water pump recirculates the coolant through 
the engine jacket removing the heat and transferring it to the 
radiator. In the radiator, heat is transferred through convection 
from the coolant to the walls and fins of the radiator. As the 
air flows through the radiator, the heat is transferred from 
radiator to the air. The thermostatic valve is responsible for 
regulating the flow rate that enters the radiator. This traditional 
cooling system has poor regulation capability as the pump 
speed is fixed by the engine speed and the thermostatic valve 
uses melting wax to open the valve. In [3] is estimated that 
engines are over-cooled for about 95% of their operating time. 
A comprehensive review of the impact of cooling systems on 
the efficiency of internal combustion engines is found in [4].  
It is stated that the warm-up phase of the engine represents the 
major source of pollutants and low energy efficiency.    

These limitations can be overcome by replacing the 
classical components with electrical actuated components 
such as electrical water pump and electrical three-way valve. 
These changes offer better controllability of the process with 
three manipulated variables: coolant flowrate developed by 
the pump, angle of the control valve and speed of the 
radiator’s electric fan. Higher coolant flow rates increase the 
heat transfer rates between engine walls and coolant while 
lowering the time constants of the process. Modifying the 
angle of the control valve will determine the flow entering the 
radiator to be cooled down. The electric fan is critical in the 
situations when the vehicle is moving slowly or is being 
stopped and it assures airflow through the radiator in these 
situations. The main challenge is to find the right control 
strategy that will manipulate these parameters to ensure 
optimal operation of the engine with less pollutant products 
and better reliability and performance.   

Explicit and well calibrated models for the cooling system 
offer great advantages in developing and testing the new 
control strategies. Thus, many researchers both from 
academic and industrial areas, have developed such 
mathematical models. The validated model of a 4-cylinder 
gasoline engine is presented in [5]. Another researcher [6] 
proposes a model for the cooling system that is calibrated 
based on data from a Citroen C3 1.4L TDI. 

An efficient control strategy can be best tested in the two 
extreme situations: the slow uphill travel with a fully loaded 
vehicle on one hand and the high-speed traveling on the other. 
Such scenarios can be perfectly reproduced in simulations and 
different control algorithms can be realistically compared for 
efficiency. In [7] a study is presented on how the operation of 
the cooling system can improve the fuel consumption. To 
control the cooling system, the three-way valve is operated 
with a PD controller that uses an optimized parameter table. 
An improvement in fuel consumption of 1.5% for the urban 
mode, 1.42% for the extra-urban mode and 0.04% for the 
highway mode is obtained. In [8], the author chooses a 
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complex control strategy using a robust model-based 
predictive control to reduce the warm-up time of the engine. 

This paper continues the work started in [9] where a model 
for the cooling system was proposed and focuses mainly on 
the control strategies. Three PI control loops are being 
proposed: one for the engine temperature, one for the coolant 
temperature leaving the radiator and the last one is keeping the 
engine input and output temperature difference at a constant 
value. The last one is important especially for fuel cell vehicle 
where the temperature difference for proton exchange 
membrane needs to be under 10 °C. Yet, stabilizing the 
temperature difference provides improved results in the case 
of IC vehicles. The control strategies are tested and compared 
using the New European Drive Cycle (NEDC).  

The current work is based on the model described in [9] and 
focuses on the control of the cooling system of a typical 
automobile. In this section, the model is briefly presented 
along with the main equation that characterizes the physical 
phenomenon happening in this system. The circuit structure 
used in this model is shown in Fig. 1. 

Thermal management systems traditionally were actuated 
by mechanical water pumps connected to the engine 
crankshaft through a belt and a thermostatic three-way valve 
that would open gradually starting with a lower limit 
temperature. These components were replaced with 
electrically actuated water pump and valve for a better 
controllability of the system and energy efficiency. The other 
components that involve heat transfer such as the engine and 
the radiator were modeled based on the principles of heat 
exchangers. The primary agent with a higher temperature, 
passes through the heat exchanger and is cooled due to the 
heat transfer to its walls. The secondary agent, with a lower 
temperature, captures the temperature of the walls as it passes 
through the heat exchanger. 

The combustion that takes place in the engine is 
responsible for thermal power that is roughly one third of the 
engine power at any given moment [10]. The heat flow 
equation is presented in (1): 

 
 𝑄𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 = 𝑘 · 𝑚𝑓𝑢𝑒𝑙 · 𝑄𝐻𝑉 (1) 

 
𝑚𝑓𝑢𝑒𝑙  – fuel mass flow rate (Kg/s); 
𝑄𝐻𝑉 - Fuel heat value (kJ/kg);  
𝑘- Coefficient of the heat transfer combustion chamber to 

engine block. 
The heat transferred from the engine to the cooling fluid: 

 
Fig. 1. Cooling system diagram 

 𝑄𝑒𝑛𝑔_𝑡𝑜_𝑤𝑎𝑡𝑒𝑟 = 𝑘𝑤𝑎𝑡𝑒𝑟 · 𝑆 · Δ𝑇 (2) 
 
𝑘𝑤𝑎𝑡𝑒𝑟  - Convective heat transfer coefficient (W/m2·K);  
𝑆 - Contact surface with the coolant (m2);  
Δ𝑇 - The temperature difference across the exchange 

surface ( 𝐶𝑜). 
The evolution of the engine temperature: 
 
 

  
𝑑𝑇𝑒𝑛𝑔𝑖𝑛𝑒

𝑑𝑡
=

1

𝑚𝑒𝑛𝑔 · 𝐶𝑝𝑒𝑛𝑔

· 𝑄𝑒𝑛𝑔𝑖𝑛𝑒 
(3) 

 
𝑚𝑒𝑛𝑔- engine mass (Kg); 
 𝐶𝑝𝑒𝑛𝑔- iron specific heat (J/Kg·K) 
Coolant is supposed to be non-compressible and is 

responsible only for heat transfer between components such 
as engine and radiator. Thus, the heat received from the 
engine block is transported to the radiator. At the radiator 
level the heat flows from water to metal block of the radiator 
and then from radiator to the moving air.   

The evolution of temperature for water and air leaving the 
radiator is characterized by the following equation: 

 
𝑑𝑇𝑜𝑢𝑡

𝑑𝑡
=

𝑞

𝑉
(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) −

𝑘 ∙ 𝑆 ∙ ∆T

𝜌 ∙ 𝑉 ∙ 𝐶𝑝
 

 
(4) 

 
while the temperature of the radiator walls is computed 

using equation (5): 
 

𝑚𝑤𝑎𝑡𝑒𝑟𝐶𝑝𝑟𝑎𝑑

𝑑𝑇𝑟𝑎𝑑

𝑑𝑡
= 𝑘𝑤𝑎𝑡𝑒𝑟𝑆𝑤𝑎𝑡𝑒𝑟Δ𝑇1 − 𝑘𝑎𝑖𝑟𝑆𝑎𝑖𝑟Δ𝑇2  

 
The symbols in previous equations have the following 

meaning: 

 
(5) 

𝑞 - flow rate (m3/s); 
𝑉 - volume (m3); 
𝑘 - convective heat transfer coefficient (W/m2·K); 
𝜌 - density (Kg/ m3);  
𝐶𝑝 – specific heat (J/Kg K); 
𝑚𝑟𝑎𝑑  – water mass flow rate (Kg/s). 
In this model an electrical centrifugal pump is used. A 24V 

electric motor drives the pump. The pump must overcome the 
pressure drop over the water circuit that is changing 
according to the valve openness degree. The overall pressure 
drop can be computed based on the loss on each component 
and using equation for serial or parallel arrangement.  

The equations of the pump characteristics are displayed in 
a quadratic form and taking into consideration the equivalent 
pressure drop, the flow rate generated by the pump is 
computed using the equation: 

 

𝑞 =
−𝐵(𝑛) − √𝐵(𝑛)2 − 4 · (𝐴(𝑛) − 𝐾) · 𝐶(𝑛)

2 · (𝐴(𝑛) − 𝐾)
 

(6) 

 

where K – equivalent pressure drop, n – rpm of the pump 
and A, B, C are parameters of the pump curve characteristic 
as a function of rpm.  

The three-way valve acts as a flow splitter based on the 
pressure loss through each branch. After passing through the 

2. Previous Work 
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radiator and bypass circuit, the coolant reaches a combiner 
where the mixed temperature is computed: 

 
 

𝑇𝑜𝑢𝑡 =
𝑇1 · 𝑞1 + 𝑇2 · 𝑞2

𝑞1 · 𝑞2

 (7) 

 
Each pipe or volume is modeled as a variable delay block 

whose time delay is dependent on flowrate of the coolant.   
All physical parameters and other values used in the 

modelling process can be found in [Muresan] together with 
the full presentation of the model. 

The nonlinear behavior of the engine model is emphasized 
through a staircase experiment as in Fig 2. For this 
experiment, the engine model is initialized with the initial 
values such that the engine temperature is 90°C. The input 
coolant temperature was kept constant and the coolant flow 
rate was varied.  

A series of consecutive steps ("staircase event") on the 
coolant flowrate were applied, increasing the value of the 
coolant flow by a constant step. Thus, it is observed that the 
response of the system differs at each stage both in terms of 
amplitude and response time. As with the engine, the radiator 
has a non-linear behavior, and it was tested by a similar 
staircase experiment. 

Replacing the mechanical water pump and bypass valve 
with the electrical equivalent, gives more alternatives from the 
control point of view. This section illustrates the use of 
multiple PI controllers to control a complex system that is 
strongly coupled with large nonlinearities and variable dead 
time. PID controllers are classic control strategies that suit 
most of the processes in the industry. 

All the simulations presented in this section, together with 
the modeling had been performed in Matlab/Simulink 
simulation platform.  

Three control loops are proposed in this section as follows: 
1) Engine outlet temperature control loop (EOT); This 

control loop manipulates the electrical bypass valve which in 
turn adjusts the coolant flowrate passing through the radiator. 
Thus the engine outlet temperature will remain constant at a 
temperature of  90°C. The main purpose of this controller is 
to reject the perturbances that affect the outlet coolant 
temperature such as thermal power generated by the engine, 
air flow variations through radiator, variable coolant 
flowrate, etc. 

Before implementing the control loop, a system 
identification process was carried out. The identified system 
has the openness degree of electrical bypass valve as input and 
the engine outlet temperature as output. From the step 
response of the system, a linear model in the form of a first 
order transfer function was obtained. This simulation was 
performed considering that the vehicle speed is 𝑉𝑣𝑒ℎ =
50𝑘𝑚/ℎ , initial bypass valve position 𝐵𝑦𝑝 = 0.88 , water pump 
speed 𝑛𝑝𝑢𝑚𝑝 = 2500 𝑅𝑃𝑀 , and thermal power generated by the 
engine is 𝑄𝑒𝑛𝑔𝑖𝑛𝑒 = 10 𝑘𝑊. The resulted transfer function can be 
seen in (8). The imposed design parameter is the time response of the 
system that will result in the closed loop transfer function in (9). 

 

 𝐻𝑏𝑦𝑝 =
𝑘𝑏𝑦𝑝

𝑇𝑏𝑦𝑝𝑠+1
=

345

285𝑠+1
  (8) 

 𝐻0 =
𝑘𝑏𝑦𝑝

𝑇𝑏𝑦𝑝𝑠+1
=

1

15𝑠+1
  (9) 

 
Using (10) the PI control parameters were obtained: 
 

 𝐻𝐶_𝑏𝑦𝑝 =
1

𝐻𝑏𝑦𝑝
∙

𝐻0

1−𝐻0
= 0.055 (1 +

0.0035

𝑠
)    (10) 

 
The performance of the control loop was tested for multiple 

reference steps around the operating point as shown in Fig. 3. 
2) Radiator outlet temperature control loop (ROT); The 

purpose of this control loop is to keep the coolant temperature 
exiting the radiator under a certain reference value 
manipulating the radiator’s fan speed. The benefit is visible 
when the vehicle is stationary, and no airflow is passing 
through the radiator. It prevents the engine to overheat. 
Similarly, the system was approximated by a first order 
transfer function (11). The identification process was 
performed using the step response of the system around 
stationary conditions. The vehicle speed is 𝑉𝑣𝑒ℎ = 0 𝑘𝑚/ℎ , 

bypass valve position 𝐵𝑦𝑝 = 0.86 , water pump speed 𝑛𝑝𝑢𝑚𝑝 =

2500 𝑅𝑃𝑀, thermal power generated by the engine is 𝑄𝑒𝑛𝑔𝑖𝑛𝑒 =

10 𝑘𝑊 and initial fan PWM duty cycle is 𝐷𝐶𝑓𝑎𝑛 = 0.5. After 
choosing the Closed loop performance in (12), the PI parameters 
resulted in (13).  

 
 𝐻𝑓𝑎𝑛 =

−32

11𝑠+1
  (11) 

 𝐻0 =
1

1𝑠+1
  (12) 

 𝐻𝐶_𝑓𝑎𝑛 = −0.3438 (1 +
0.09

𝑠
) (13) 

 
Fig. 3. Engine outlet temperature response for a closed loop 

staircase reference. 

 

 
Fig. 2. Nonlinear behavior of engine temperature at different flow 

rates 

3. Control Strategies 
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The performance of the control loop was tested for multiple 
reference steps around the operating point as shown in Fig. 4. 

3) Engine temperature difference control loop (ETD); As 
the bypass valve changes its positon to overcome the 
disturbances, the coolant temperature diference between the 
outlet and inlet of the engine is also changing. It gets larger 
as the generated heat in the engine is increased. This 
temperature difference can be controlled by the water pump 
flowrate so that little heat generated results in small flowrates 
and large quantities of heat require greater flowrates. Thus, 
the input of the process is pump speed and the output is the 
temperature difference. For the identification process the 
following parameters were used: vehicle speed Vveh =
50km/h, bypass valve position Byp = 0.88 , initial water 
pump speed npump = 2500 RPM , and thermal power 
generated by the engine Qengine = 10 kW . The linearized 
model of the prosess after step response identification is 
figured in (14) while the PI controller resulted in (16).   

 
 𝐻𝑝𝑢𝑚𝑝 =

−9

269𝑠+1
  (14) 

 𝐻0 =
1

30𝑠+1
 (15) 

 𝐻𝐶_𝑝𝑢𝑚𝑝 = −0.996 (1 +
0.0037

𝑠
) (16) 

 
The control loop was first tested considering the other two 

controllers were turned off. Then, another test was carried out 
with the engine outlet temperature control loop enabled. The 
results are depicted in Fig. 5. It can be clearly seen that the two 
control loops are interconnected. Better performance is 
achieved when both controllers are enabled fact better 
demonstrated in the next section. 

This section provides a description of the control strategies 
performances in real conditions when driving the vehicle both 
in urban and extra urban conditions using the New European 
Drive Cycle (NEDC). 

The NEDC is an important performance metric for 
evaluation of internal combustion engines efficiency. It 
simulates a range of driving scenarios from low-speed city 
driving to high-speed motorway cruising over a 1200 s period 
as shown by the speed trace in Fig. 6 [11]. In the European 
Union, fuel consumption of new engines is quantified using 

NEDC. Therefore, the proposed control strategies were tested 
together under realistic driving conditions used in the NEDC 
speed profile. The thermal power input is computed as fraction 
of the heat generated by the fuel burned during the driving 
cycle. 

The last section presented the results of the individual 
control loops while this section provides a comparison of two 
control strategies as a mix of the three loops. In the first 
scenario, there will be a controller for the engine outlet 
temperature, one for the radiator outlet temperature and one 
for engine temperature difference. The second scenario 
excludes the latter controller, while the comparison itself will 
highlight the benefits of this control loop. Results of the 
comparison are depicted in Fig. 7 and Fig. 8. The blue signals 
are associated with the first scenario while the red signals are 
linked with the second scenario. All the controlled 
temperatures are displayed in Fig. 7 and the manipulated 
variables are displayed in Fig.8. 

The ETD control loop manipulates the water pump velocity 
thus, generating variable flow rates. Lower flow rates result in 
bigger time constants and dead time values while an increased 
flow rate gives the advantage of lower time constants and dead 
time values.  

In both scenarios the engine outlet temperature is kept 
around the reference in city driving conditions but for  the 
extra urban conditions it is visible that the first control 
scenario gives better results. The maximum deviations from 
the setpoint are ± 3.7 °C for first scenario and ± 7 °C for the 
second.  

 
Fig. 4. Radiator outlet temperature evolution for a closed loop 

staircase reference 

 

 
Fig. 5. Engine temperature difference evolution for a closed loop 

staircase reference 

 
Fig. 6. Speed–time trace for the NEDC 

4. Results 
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Even larger difference between the two control scenarios 
can be seen in engine temperature difference where the 
maximum deviations are ± 7.7 °C for first scenario and ± 20.3 
°C for the second. The extra urban driving conditions are 
challenging in this case also. 

The radiator output temperature has larger values at low 
speed, and these are the moments when the radiator’s fan is 
enabled to provide additional airflow through radiator. 
Without the ROT control loop the output temperature raises 
up to 70°C in the short periods when vehicle is stationary. The 
maximum deviations are ± 16 °C for first scenario and ± 35 
°C for the second.  

The control strategies were compared also using the Mean 
Square Error index in Table I. The addition of ETD control 
loop proves better results but the price to be paid is an increase 
of 850 RPM in water pump speed.  

TABLE I.  CONTROL STRATEGIES COMPARISON – MSE INDEX 

Mean Square Error Index 

Signal 
ETD + ROT 

+ ETD 

ETD + 

ROT 

ETD + 

ETD 

Engine outlet temperature 0.82 3.35 - 

Engine temperature difference 5.13 34.08 - 

Radiator outlet teperature 35.94 - 178.64 

This paper presents a control strategy to control the cooling 
system of an IC engine vehicle that can keep the optimal 
engine temperature under common driving conditions. First, 
the cooling system model is presented together with the 
physical principles of heat exchangers and the nonlinearities 
of the model are emphasized.  

The control design is demanding due to the nonlinearities, 
variable time constants and variable time delays of the 
process. Three PI control loop were proposed to control the 
engine outlet temperature, coolant temperature difference 
between input and output of the engine and the radiator outlet 
temperature. The manipulated variables were the bypass valve 
position, water pump velocity and the radiator’s fan duty 
cycle. The performance of the control strategies was 
compared using the NEDC driving cycle. It was proved that 
the addition of the engine temperature difference control loop 
enhances the overall performance of the control strategy.     
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Fig. 8. Comparative results for manipulated values: water pump 
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cycle (down). 

 

 
Fig. 7. Comparative results for engine outlet temperature (up), 

engine temperature difference (middle) and radiator outlet 
temperature (down) 
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